Introduction
Adult skeletal muscle possesses a tremendous degree of plasticity, as it can adapt its size to various stresses such as functional overload, and can efficiently regenerate after injury. Skeletal muscle tissue contains multinucleated postmitotic myofibers and a small resident muscle stem cell population, known as satellite cells (SCs). In undamaged muscle, SCs are maintained in a quiescent state and express the transcription factor Pax7. In response to muscle lesion or increased load, activated cells divide to form a pool of proliferating myoblasts (MBs) that coexpress Pax7, Myf5, and MyoD. Cells committed to myogenic lineage progression and differentiation exit the cell cycle, decrease expression of Pax7, and express MyoD and Myogenin. Most SCs progress along the myogenic lineage and fuse to form new myofibers (during regeneration) or supplement existing growing muscle fibers (during hypertrophy), and a subset of SCs maintain Pax7 expression and revert back to quiescence to replenish the SC pool (Dumont et al., 2015; Almada and Wagers, 2016) . Thus, both repair and growth of multinucleated skeletal muscle cells are dependent on the fusion of muscle progenitor cells.
The fusion process follows an ordered set of cellular events that includes cell migration, alignment, adhesion, and membrane fusion. Many molecules, including secreted factors, membrane receptors, and intracellular molecules, participate in MB fusion (Hindi et al., 2013) . In Drosophila melanogaster, fusion is accompanied by extensive rearrangement of the actin cytoskeleton, at the site of MB contact, highlighted by the formation of an actin-based invasive podosome-like protrusion structure (Sens et al., 2010; Kim et al., 2015a; Martin, 2016; Schejter, 2016) , which in turn may provide the necessary pushing force to bring plasma membranes in close apposition for fusion to occur (Kim et al., 2015b) . In addition, actin-based filopodia were shown to facilitate MB and myotube (MT) recognition/adhesion before MB fusion in adult Drosophila myogenesis (Segal et al., 2016) . The essential role of the actin cytoskeleton in fusion is conserved in mammals, in which the actin regulators Rac1, Cdc42, and N-Wasp are required for the fusion process during muscle development (Vasyutina et al., 2009; Gruenbaum-Cohen et al., 2012) . However, there is no evidence for discrete actin-based structures associated with the fusion process in vertebrates during muscle development, adult muscle regeneration, or hypertrophy or in primary muscle cell cultures.
Serum response factor (Srf) transcription factor controls the expression of target genes involved in cell growth, migration, and cytoskeletal organization (Esnault et al., 2014) . Among Srf Satellite cells (SCs) are adult muscle stem cells that are mobilized when muscle homeostasis is perturbed. Here, we show that serum response factor (Srf) is needed for optimal SC-mediated hypertrophic growth. We identified Srf as a master regulator of SC fusion required in both fusion partners, whereas it was dispensable for SC proliferation and differentiation. We show that SC-specific Srf deletion leads to impaired actin cytoskeleton and report the existence of finger-like actin-based protrusions at fusion sites in vertebrates that were notoriously absent in fusion-defective myoblasts lacking Srf. Restoration of a polymerized actin network by overexpression of an α-actin isoform in Srf mutant SCs rescued their fusion with a control cell in vitro and in vivo and reestablished overload-induced muscle growth. These findings demonstrate the importance of Srf in controlling the organization of actin cytoskeleton and actin-based protrusions for myoblast fusion in mammals and its requirement to achieve efficient hypertrophic myofiber growth. targets, some are specifically expressed in skeletal muscle, including MyoD and several genes encoding sarcomeric proteins (α-actins and myosin light chain; Pipes et al., 2006) . The ability of Srf to regulate transcription depends on its association with cofactors (Posern and Treisman, 2006; Gualdrini et al., 2016) , such as the Myocardin-related transcription factors (MrtfA and MrtfB) . The Rho family of small GTPases and actin dynamics have been shown to control the nuclear accumulation of Mrtf-A/B and therefore modulate Srf activity (Posern and Treisman, 2006; Nordheim, 2014) . Thus, the actin/Mrtf/Srf pathway forms a conserved homeostatic feedback system to ensure that actin levels are appropriate to support the actin dynamics required for complex cell behavior by controlling the expression of numerous genes involved in actin cytoskeletal structures and treadmilling, while being regulated itself by actin dynamics (Esnault et al., 2014; Kalo et al., 2015) .
In mammals, the deletion of Srf in muscle progenitors during embryonic development impairs muscle formation (Li et al., 2005) . Experiments performed using the C2C12 muscle cell line have shown that functional Srf is required for MyoD expression, MB proliferation, and differentiation (Gauthier-Rouviere et al., 1996; Soulez et al., 1996; Carnac et al., 1998) . The use of mouse genetic models with the specific loss of Srf in myofibers showed that Srf is required for postnatal and adult muscle growth in vivo (Li et al., 2005; Charvet et al., 2006; Guerci et al., 2012) and that the decrease of Srf activity plays a functional role in disuse muscle atrophy (Collard et al., 2014) . However, there are no data on the role played by Srf in SC behavior in vivo during adult muscle remodeling. Srf activity may be required to control SC cell fate in vivo in various situations of stress by controlling genes involved in cell proliferation (immediate early genes), myogenic differentiation (MyoD, α actins, and myosins), and actin architecture.
Here, we assessed the role played by Srf in SCs under stress conditions by inducing compensatory hypertrophy (CH) of plantaris muscles harboring a conditional and inducible deletion of Srf in the SCs and showed compromised hypertrophic muscle growth in the absence of Srf. We showed that Srf in SCs is not essential for MyoD expression, SC proliferation, or differentiation, in contrast to what was reported in the C2C12 cell line. However, the motility and fusion capacities of SCs lacking Srf were blunted and were accompanied by impaired actin cytoskeleton. Both homotypic (between two cells harboring the same genotype) and heterotypic (between a control and mutant cell) fusion events were defective, demonstrating the requirement for Srf in both fusion partners. We showed that the lack of Srf perturbed actin cytoskeleton organization in primary cells. We used metal-replica EM on unroofed muscle cells and demonstrated the existence of actin-based finger-like protrusions at the site of fusion, which were absent in fusion-deficient MBs lacking Srf. Strikingly, reestablishment of the actin scaffold in Srf mutant SCs by the overexpression of α-cardiac actin (Actc1) restored the heterotypic fusion capacity between control MBs/MTs and mutant MBs, both in vitro and in vivo (upon overload), and overload-induced muscle growth. However, homotypic fusion was not rescued by the maintenance of the actin architecture in cultured mutant cells and in vivo (upon regeneration), suggesting that additional Srf target genes are involved. Altogether, our data provide evidence for the importance of the actin cytoskeleton and actin-based protrusions in MB fusion in vertebrates and for the requirement of SC fusion in growing myofibers to obtain efficient hypertrophic myofiber growth.
Results

Srf in SCs is required for overload-induced hypertrophy
We first examined Srf expression in quiescent and activated adult muscle stem cells. Single fibers and their associated SCs were isolated from extensor digitorum longus (EDL) muscles at steady state and were immediately fixed to evaluate Srf expression in quiescent SCs expressing Pax7 by immunostaining ( Fig. 1 A) . Srf was poorly expressed in quiescent SCs, as <20% of Pax7 + cells were also Srf + . In contrast, single fibers maintained for 24 h in culture, to allow the activation of the associated SCs, showed Srf expression in all activated SCs (Fig. 1, A and B) .
We investigated the role played by Srf in SCs by inducing CH of the plantaris muscle in control and mutant mice ( Fig. 1 C) . In our CH procedure, SCs were mobilized without destruction of the myofibers, allowing the study of mutant SC behavior in a wild-type environment. Tamoxifen (TMX) treatment induced efficient loss of Srf transcripts and protein (Fig. S1, C and D) in FACS-sorted SCs from control and mutant muscles (Fig. S1, A and B) . At steady state (sham operated [SO]), there was no difference in muscle weight and myofiber cross section area (CSA) between control and mutant muscles ( Fig. 1 , D-F). After hypertrophy, the plantaris muscle mass and CSA were greater for control overloaded muscles 3 and 5 wk after CH than for unloaded muscles (SO; Fig. 1 , D-F). However, the extent of hypertrophic growth was strongly reduced in mutant muscles, displaying only a 10% increase in CSA and 20% in mass versus 50% in controls 3 wk after CH. These changes were not accompanied by modifications of myofiber number ( Fig. 1 G) , indicating that the increase in muscle mass was mainly caused by myofiber hypertrophy. These data show that Srf expression by SCs is necessary for optimal overloadinduced myofiber hypertrophy.
Srf is dispensable for SC proliferation
Srf has been shown to control the proliferation of several cell types including the C2C12 MB cell line . We next investigated whether Srf loss altered SC function upon CH by quantifying the number of SCs that express Pax7. Before overload, SC numbers were identical between control and mutant plantaris muscles ( Fig. 2 B) . 1 wk after CH, there was a significant increase in the number of Pax7 + cells in both control and mutant plantaris muscles, which returned to their original level 5 wk after CH (Fig. 2, A and B) . Importantly, no difference in SC number was observed between control and mutant muscles after CH, suggesting that Srf loss did not hamper SC growth response to mechanical cues.
We further assessed the proliferative potential of Srfdeleted SCs in vitro by determining S (EdU incorporation), G2, and M phases (phospho-histone-H3 + [PH3 + ] nuclei) of control and mutant FACS-sorted MBs. In agreement with in vivo observations, the percentages of EdU + and PH3 + cells of control and mutant MBs were equivalent, indicating similar proliferation rates (Fig. 2, C and D) . We conducted additional experiments in which Srf loss was achieved in vitro by transducing primary Srfflox/flox MBs with an adenovirus expressing either the Cre recombinase (Ad-Cre) or GFP (Ad-GFP; Fig. S1 E) . Again, there was no difference in the proliferative capacities of Ad-GFP-and Ad-Cre-transduced MBs in BrdU incorporation experiments (Fig. S1 F) and in their distribution in the different cell cycle phases analyzed by FACS quantification of DNA content (Fig. S1 G). Altogether, these data show that Srf in SCs is dispensable for their proliferation in a cell autonomous manner.
Srf controls SC motility but is not essential for the myogenic differentiation potential of SCs
We reasoned that other SC functions such as motility, differentiation, and fusion could be modified by Srf loss and account for the impaired hypertrophic growth of mutant muscle. As Srf is a central regulator of genes involved in cell migration (Esnault et al., 2014) , we monitored the motile functions of Srf-deleted SCs in vitro using time-lapse videomicroscopy. The motility of mutant and Ad-Cre transduced Srf flox/flox MBs was decreased in comparison to control cells (Figs. 2 E and S1 H), demonstrating that Srf is needed for SC movement.
We next investigated whether Srf deletion could affect the myogenic differentiation potential of SCs. Indeed, previous in vitro studies in the C2C12 muscle cell line indicated that Srf activity was required for MyoD and Myogenin expression and myogenic cell determination and differentiation (Vandromme et al., 1992; Gauthier-Rouviere et al., 1996) . We first assessed the number of Myogenin-expressing cells in vivo during overload-induced hypertrophy. After 1 wk of CH, the number of Myogenin + cells increased similarly in both control and mutant plantaris muscles ( Fig. 3 A) . In primary cultured muscle cells, MyoD and Myogenin protein and transcript levels did not differ between control and mutant MBs under proliferation conditions or after induction of differentiation (Fig. 3, B and C; and Fig. S1, I and J) , in contrast to previous observations in C2C12 cells. We monitored the expression of a late differentiation marker (the sarcomeric myosin heavy chain [MyHC]) in control and mutant cells upon differentiation using the MF20 antibody ( Fig. 3 D) . The proportion of nuclei in MyHC + cells was identical between control and mutant cells 3 d postdifferentiation ( Fig. 3 E) . Collectively, these data show that Srf inactivation in SCs does not impair their engagement in myogenic differentiation.
Srf is crucial for SC fusion capacities
We examined whether the lack of Srf in SCs affects cell fusion by counting the number of myonuclei (DAPI staining) inside the sarcolemma (dystrophin immunostaining) in control and mutant plantaris muscle sections at various times after CH ( Fig. 1 D) . The number of myonuclei per myofiber was similar before overload between control and mutant muscles and increased significantly in control muscles at 1, 3, and 5 wk after CH. In contrast, myonuclei number did not change in mutant muscles after overload and was significantly reduced compared with controls ( Fig. 4 A) . To further determine the fusion capacities of SCs in vivo, we assessed fusion through EdU labeling of proliferating cells and by tracking the EdU + nuclei incorporated into dystrophin myofibers (Fig. S2, A and B ). 3 wk after CH, the percentage of EdU + myofibers was blunted in mutant compared with control muscles (Fig. S2 C) . Such decreased SC recruitment to the growing myofibers may be attributable to the (B) Proportion of SCs displaying Srf expression (Pax7 + Srf + ; n = 3). (C) Srf mutant mice were injected with TMX 1 wk before CH procedure and after CH. Plantaris muscles were isolated 1, 3, and 5 wk after surgery. (D) Plantaris muscle sections immunostained for dystrophin (green) and nuclear staining with DAPI for control and Srf Mutant mice before (SO) and after 3 wk of CH. (E) Ratio of plantaris mass (milligrams) to body weight (grams) before (SO) and after 1, 3, and 5 wk of CH in control and Mutant mice (n = 10-16 muscles from n = 6-9 mice). (F) Mean CSA (square micrometers) before (SO) and after 1, 3, and 5 wk of CH in control and mutant mice (n = 6-15 muscles from n = 5-9 mice). (G) Mean myofiber number before (SO) and after 1, 3, and 5 wk of CH in control and mutant mice (n = 8-14 muscles from n = 6-9 mice). Data are mean ± SEM. **, P < 0.01 versus SO; § § , P < 0.01. dampened fusion capacity of SCs lacking Srf, as both number and proliferative capacity of SCs were unaffected by Srf loss.
Srf mutant cells showed an altered capacity to form multinucleated MTs 3 d after induction of differentiation (Figs. 3 D and 4 B) . Their fusion index, which represents the proportion of the total cell population that fused, was lower than that of control cells ( Fig. 4 C) . Accordingly, the mean number of nuclei in differentiated MyHC + cells was much lower in mutant than control cells ( Fig. 4 D) . We then evaluated whether heterotypic MB fusion, between a control and a mutant MB, was also affected by performing cell mixing experiments of cells labeled with two different fluorescent dyes. We confirmed that mutant MBs were unable to fuse in a homotypic manner (between two mutant cells), as there were fewer fusion events (dual labeling) between mutant MBs than between control MBs ( Fig. 4 E, lane MB Mut/MB Mut). Mutant MBs also exhibited highly diminished heterotypic fusion with control cells ( Fig. 4 E, lane MB control/MB Mut). We then studied the fusion between MBs and MTs (MT/MB) by cell mixing of differently labeled cells. The lack of Srf in MBs was accompanied by a large decrease in fusion events ( Fig. 4 F, lane MT control/MB mutant), showing that MBs require Srf for fusion to control MTs, a process that may lead to the accretion of new nuclei into myofibers upon overload-induced hypertrophy in vivo.
Altogether, these results show that Srf within MBs is indispensable for homotypic and heterotypic fusion events, indicating that Srf expression is required in both fusing cells. In addition, our results suggest that the decreased ability of SCs lacking Srf to fuse with the growing fibers could account for the defective hypertrophic growth of mutant muscles.
Srf-deleted MBs display impaired actin cytoskeleton organization and an absence of actin based finger-like protrusions at the site of fusion
We next sought to identify Srf target genes that could participate in the control of SC motility and fusion by performing a microarray analysis of gene expression in muscle cells expressing Srf (Ad-GFP) or not (Ad-Cre). We identified a set of 144 genes whose expression was altered by Srf loss in both proliferating MBs (D0) and differentiating cells (D1 and D3; Table S1 ). Analysis of the potential biological functions of these genes by a gene ontology program (Ingenuity) pointed out an overrepresentation of genes involved in the regulation of actin cytoskeleton signaling ( Fig. 5 B) . We further focused our attention on several validated Srf direct genes including actin genes and genes implicated directly or indirectly in actin cytoskeleton regulation such as Abra, Cnn2, Fermt2, FlnA, Tgfb1i1, and Wdr1 (Wang et al., 2011; Chong et al., 2012; Esnault et al., 2014) . In line with the transcriptomic data, we confirmed by qRT-PCR that the expression of actin isoforms (including α-skeletal actin [Acta1] , α-cardiac actin [Actc1] , β-actin [Actb] , γ-actin [Actg] , and smooth muscle actin [Acta2] ) and of Abra, Cnn2, Fermt2, FlnA, Tgfb1i1, and Wdr1 genes was strongly diminished in cells lacking Srf (Fig. 5, C and D; and Fig. S2, D and E) . Altogether, these expression studies show that, in muscle cells, expression of both structural components and regulators of actin network are affected by Srf deletion, suggesting that actin scaffold structures may be altered in Srf mutant cells, which may account for their perturbed functions.
Fig. 5 A and
We then quantified the total amount of F-actin per cell in control and mutant MBs by phalloidin staining (Fig. 6 A) and showed a significant reduction of total F-actin in mutant cells ( Fig. 6 B) . As the decrease of total F-actin per cell could be caused by the decrease of the total amount of actin in the cell or the diminished proportion of the total pool of actin that is polymerized (F-actin), we first quantified total actin by Western blot using an antibody recognizing all actin isoforms and showed a sharp reduction of total actin quantity in mutant primary MBs compared with controls ( Fig. 6 , C and D). Furthermore, we quantified soluble G-actin and insoluble F-actin fractions in muscle cells; the F/G-actin ratio in MBs lacking Srf was reduced to 40% of control cell levels (Fig. 6 , E and F). Thus, the decreased F-actin amount in mutant primary MBs could be attributed to both diminished total actin and altered regulation of actin polymerization.
We sought to obtain additional insights into the precise organization of the actin cytoskeleton in control and mutant primary MBs by confocal microscopy (Fig. 6 G) and metal-replica EM on unroofed muscle MBs (Fig. 6, H and I) . The latter technique enabled us to visualize the ultrastructure of the actin cytoskeleton at the ventral membrane of the cell at high resolution.
The actin cytoskeleton associated with the ventral membrane in control cells presented an organization that included both stress fibers formed from actin cables/bundles and branched actin (Fig. 6, G [bottom] , H, H′, and H″; and Fig. S3 , B, C, and C′). Srf mutant cells contained fewer and abnormally oriented actin cables (Fig. 6, G [bottom] , I, I′, and I″; and Fig. S3 , D, E, and E′). Accordingly, there was less intense cortical F-actin staining in mutant MBs than controls progressing toward the top of the cell on confocal z-sections ( Fig. 6 G, middle and top). These results collectively show that Srf controls actin cytoskeleton organization (in actin cables) in cultured muscle cells.
It is possible that the altered actin organization of mutant MBs is responsible for their compromised fusion capacity. In Drosophila, podosome-like structures were shown to form at the "fusing" synapse (Martin, 2016) . To visualize putative F-actin remodeling at the site of cell-cell fusion, we labeled primary myocytes with SiR-actin, a live fluorogenic cell F-actin probe, and performed time-lapse videomicroscopy upon differentiation. After tracking the fusion events using bright field ( Fig. S3 A′ and Video 1), F-actin rearrangements were observed at the cell-cell contact at the fusion site ( Fig. S3 A and Video 2). To visualize cellular and actin-based structures at the (D0), myocytes at onset of differentiation (D1), and differentiated cells (D3). In red is indicated the number of genes (144) that are modulated by Srf independently of the differentiation state. (B) Top five canonical pathways identified by gene ontology analysis using Ingenuity of the 144 common genes whose expression is Srf dependent. (C) Analysis of α-skeletal actin (Acta1), α-cardiac actin (Actc1), smooth muscle actin (Acta2), γ-actin (Actg) , and β-actin (Actb) mRNA expression by qRT-PCR in FACS-sorted control and Srf mutant SCs cultured in rich medium (D0) or 1 (D1) and 3 (D3) days after differentiation. Data were normalized by Hmbs expression and relative to D0 (n = 3). (D) Analysis of Abra, Cnn2, Fermt2, FlnA, Tgfb1i1 , and Wdr1 mRNA expression by qRT-PCR in FACSsorted control and mutant SCs cultured in rich medium (D0) or 1 (D1) and 3 (D3) days after differentiation. Data were normalized by Hmbs expression and relative to D0 (n = 3). Data are mean ± SEM. *, P < 0.05; **, P < 0.01.
basal membrane of fusing SCs at higher resolution, we used metal-replica EM in primary myocytes cultured for 24 h in differentiation medium. In control cells, we consistently observed the formation of finger-like actin-based protrusions at the site of prefusion. The electron density of these structures made them easily traceable even when located below the plasma membrane of the acceptor cell ( Fig. 7, A, A′, and B ). This feature allowed us to analyze "en face" the fusion process, which appears to be directional, as these protrusions occurred only in one cell (cell 1 in Fig. 7 A) . The protrusions emanating from a first cell and which were composed of actin cables (white arrow) extended underneath the plasma membrane of the second cell ( Fig. 7 B) . Of note, we often observed branched actin filaments (indicated by an asterisk in Fig. 7 B) at the base of the actin cable forming the protrusion. In some instances, we observed complete fusion of the plasma membranes (Fig. 7 , C and C′) and could visualize the protrusion below the fused membrane ( Fig. 7 C′, yellow arrows). Strikingly, these finger-like structures were absent in fusion-deficient MBs lacking Srf and no fusion event was observed out of hundreds of contacting MBs ( Fig. 7, D , D′, and D″). Instead of actin cables, there was an accumulation of branched actin at the site of contact between mutant cells suggesting that the inability to form protrusions may be inefficiently compensated by branched actin accumulation (Fig. 7, D′ and D″) .
Altogether, these observations show the presence of actin-based protrusions at the cell-cell contact between fusing cells that correlates with the fusogenic capacity of differentiating MBs and suggest that such structures may be required to drive fusion.
Impaired actin cytoskeleton organization in Srf-deleted MBs is rescued by the compensatory expression of an
α-actin isoform α-Cardiac (Actc1) and α-skeletal (Acta1) actins have redundant roles in skeletal muscle, as Actc1 overexpression can functionally replace Acta1 in Acta1 knockout mice (Nowak et al., 2009 ). Thus, we hypothesized that the perturbed organization of the actin cytoskeleton in Srf-deleted muscle cells could be counteracted by Actc1 overexpression. We generated a mouse model in which Srf deletion and Actc1 expression can be achieved specifically in SCs upon TMX treatment (Mut/Act + mice; Fig. S4, A and B) . The overexpression of Actc1 in Srf-deleted MBs was sufficient to restore the total amount of F-actin per cell (Fig. 6, A and B) , the total amount of actin (Fig. 6, C  and D) , and the F/G-actin ratio (Fig. 6, E and F) to control levels. Confocal microscopy (Fig. 6 G, bottom) and metal-replica EM (Fig. 6 , J, J′, and J″) revealed that Mut/Act + MBs contained more abundant F-actin structures at the ventral membrane, mainly organized in actin cables, than mutant cells, comparable to those in control MBs. Nevertheless, the amount of cortical actin, progressing toward the top of the cell, was similar in Mut/ Act + and mutant MBs and less abundant than in control cells, suggesting that Actc1 overexpression did not reestablish all actin structures ( Fig. 6 G, middle and top) . Collectively, these data demonstrate that α-actin isoform overexpression in SCs lacking Srf is sufficient to partially rescue the altered actin cytoskeleton organization observed in the mutant cells.
α-Cardiac actin overexpression rescues the heterotypic fusion defect caused by Srf loss in MBs
We next investigated whether the reestablishment of actin cytoskeleton in Srf mutant SCs by Actc1 overexpression could rescue defective SC functions, such as motility and fusion. Cell tracking experiments showed a similar decrease of motility in Mut/Act + and mutant MBs relative to control cells ( Fig. S4 C) , precluding the involvement of α-actin-mediated F-actin stabilization in the impaired motile functions of SCs lacking Srf.
We then assessed the fusion capacity of Mut/Act + cells during differentiation. As observed for Srf mutant cells, Mut/ Act + cells displayed an unaltered engagement in differentiation compared with control cells (Fig. S4, D, E, and F) . However, upon differentiation, the fusion index and the mean number of nuclei per MyHC-expressing cell were reduced to a similar extent in Mut/Act + and in Srf mutant cells, suggesting that actin overexpression did not alleviate the homotypic fusion defect of cells lacking Srf (Fig. 8 , A-C). Although Mut/Act + MBs could form numerous filopodia-like structures at the site of cell contact, these protrusions did not successfully extend below the ventral membrane of the contacting cell (Fig. 7, E and E′; and Fig. S3, F, G, and G′) .
In contrast, impaired heterotypic fusion between control and Srf mutant MBs and between control MTs and mutant MBs was partially rescued in vitro by Actc1 overexpression, as assessed by counting the fusion event in cell mixing experiments (Fig. 8 
, D [lane MB control/MB Mut/Act+], E, and F [lane MT control/MB
Mut/Act + ]). Importantly, the rescue of fusion in these cells is not accompanied by the restoration of their migratory capacities, highlighting the potential separation of the motility and fusion mechanisms. Overall, these data suggest that the maintenance of the F-actin network in Srf mutant MBs by α-actin overexpression is sufficient to rescue their heterotypic fusion with control MBs/MTs, providing genetic evidence for the requirement of actin-based protrusion in the control of SC fusion. However, actin overexpression was insufficient for homotypic fusion between Srf mutant SCs, indicating that additional Srf target genes must be expressed in at least one of the fusing cells to allow fusion to occur. 
α-Cardiac actin overexpression in Srf mutant muscles does not rescue homotypic fusion in vivo upon regeneration
We conducted muscle regeneration experiments, recapitulating homotypic fusion events on control, mutant, and Mut/ Act + mice. Upon cardiotoxin (CTX)-induced injury, SC fusion occurs exclusively between cells of the same genotype. Dystrophin/DAPI staining of regenerated tibialis anterior (TA) muscle sections showed the overall structure of Srf mutant muscles to be severely affected relative to control muscles 30 d after CTX injection ( Fig. 9 A) . Indeed, the newly formed fibers in mutant muscles were 10 times smaller (Fig. 9 B) and three times more numerous than those in control muscles ( Fig. S5 A) . Moreover, there were far fewer myonuclei in mutant regenerated muscles than in control muscles ( Fig. 9 C) . Of note, the number of SCs was not affected by Srf loss 30 d postinjury (Fig. S5 B) . Overall, these data suggest a strong deficiency of Srf-deleted SCs fusion that could account for the small size and the increased number of regenerated fibers present in mutant muscles.
We next assessed whether α-actin overexpression could counteract the altered regeneration and defective homotypic fusion of regenerated Srf mutant muscles. There was no improvement of fusion and mean CSA in Mut/Act + relative to Srf mutant muscles 30 d postinjury (Fig. 9, B and C) . These data are in accordance with the absence of an improvement of the homotypic fusion defect observed in vitro in Mut/Act + MBs relative to Srf mutant cells (Fig. 8, B and C) .
α-Cardiac actin overexpression restores overload-induced hypertrophic muscle growth of Srf mutant muscles
Heterotypic fusion between mutant or Mut/Act + MBs and control MTs models the nuclear accretion that occurs in vivo during overload-induced hypertrophy. We thus determined the impact of α-actin overexpression on the defective hypertrophy of Srf mutant muscles. Actin overexpression rescued the overall growth of Srf mutant muscles to control levels 3 and 5 wk after CH. Indeed, Mut/Act + plantaris muscle mass and mean CSA were significantly higher than those of Srf mutant muscles and were comparable to those of control muscles (Fig. 9, D and E) . Furthermore, there were significantly more myonuclei in Mut/ Act + than in Srf mutant muscles, reaching 60% of control levels 5 wk after CH (Fig. 9 F) . Accordingly, 3 wk after CH and after in vivo EdU labeling, the percentage of myofibers that incorporated EdU + nuclei was significantly increased in Mut/Act + muscles compared with Srf mutant muscles (Fig. S2 C) . These data demonstrate that the maintenance of a filamentous actin scaffold within SCs lacking Srf was sufficient to efficiently drive heterotypic fusion in vitro and restore the impaired hypertrophic growth of Srf mutant muscles in vivo.
Discussion
Taking advantage of a genetic model that allows the specific deletion of Srf in adult muscle stem cells, we show in vivo and Figure 9 . α-Actin overexpression in Srf-deleted SCs rescues fusion and hypertrophic growth upon overload. (A) TA muscle sections immunostained for dystrophin (green) and nuclear staining with DAPI for control, mutant, and Mut/Act + mice untreated (No CTX) and 30 d after CTX-induced muscle injury (30D after CTX). (B) Mean CSA (square micrometers) of TA muscles untreated (0) and 30 d after CTX-induced injury in control, mutant, and Mut/Act + mice (n = 5-9 muscles from n = 4-7 mice). (C) Number of nuclei (DAPI) within the dystrophin + sarcolemma per myofiber in untreated (0) and 30 d after CTX-induced injury of control, mutant, and Mut/Act + TA muscles (n = 5-11 muscles from n = 4-7 mice). (D) Ratio of plantaris mass (milligrams) to body weight (grams) before (SO) and after 3 and 5 wk of CH in control, mutant, and Mut/Act + mice (n = 5-16 muscles from n = 4-9 mice). (E) Mean CSA (square micrometers) of plantaris before (SO) and after 3 and 5 wk of CH in control, mutant, and Mut/Act + mice (n = 5-15 muscles from n = 4-9 mice). (F) Number of nuclei (DAPI) within the dystrophin + sarcolemma per myofiber before (SO) and after 3 and 5 wk of CH in control, mutant, and Mut/Act + plantaris muscles (n = 6-11 muscles from n = 4-6 mice). Data are mean ± SEM. *, P < 0.05; **, P < 0.01.
in vitro that Srf is a master regulator of SC fusion, whereas it is dispensable for their proliferation and differentiation. Furthermore, we used both metal-replica EM on unroofed muscle cells and a genetic model of α-actin overexpression to provide evidence on how actin cytoskeleton architecture affects SC fusion in mammals.
Srf activates MyoD expression, MB proliferation, and differentiation in the C2C12 muscle cell line (Gauthier-Rouviere et al., 1996; Soulez et al., 1996; Carnac et al., 1998) , and the distal regulatory region of the MyoD gene contains a shared MEF2/Srf binding element (L'honore et al., 2003) . In addition, skeletal muscle-specific deletion of Srf coactivators Mrtf-A and Mrtf-B during embryonic development impaired MB proliferation and increased apoptosis (Cenik et al., 2016) . In contrast to these previous studies, our results show that SCs lacking Srf respond to mechanical cues by expanding their number similarly to control SCs and that their cell cycle progression is unaffected ex vivo. Moreover, Srf loss in primary cell culture did not perturb MyoD expression. The discrepancy between our results and those obtained with the C2C12 cell line and embryonic progenitors may be attributable to differences between cell lines and primary cells and muscle progenitors isolated from either adult muscles (our study) or embryonic muscles (study on Mrtfs deletion; Cenik et al., 2016) . SC-specific deletion of both MAS TR and Mrtf-A leads to excessive proliferation of SCs because of the down-regulation of MyoD expression (Mokalled et al., 2012) . The authors of the study proposed that MEF2 transcription factor, and its associated MAS TR cofactor, cooperate with Mrtf-A to regulate the transcriptional regulation of MyoD expression (Mokalled et al., 2012) . Thus, it is possible that MyoD expression is mainly controlled by the MAS TR/MEF2 pathway in Srf-deleted SCs.
Previous in vitro studies using the C2C12 cell line showed that the myogenic differentiation was impaired by inhibition of Srf (Gauthier-Rouviere et al., 1996; Soulez et al., 1996) . However, in the present study, the number of Myogenin-/MyHC-expressing cells was not affected by Srf loss in cultured primary MBs under differentiation conditions or during overload-induced hypertrophy in vivo, indicating that Srf activity is not required for MB engagement into the differentiation program. In contrast, we identified Srf to be a major regulator of the fusion process. Indeed, the absence of Srf in SCs led to the formation of small MTs containing very few nuclei during differentiation in culture, small and numerous myofibers during in vivo regeneration, and the absence of nucleus accretion during myofiber hypertrophic growth. Our results are in accordance with the altered fusion observed in muscles lacking Srf cofactors Mrtf-A and Mrtf-B (Cenik et al., 2016) .
Studies conducted in Drosophila and vertebrate systems led to a model for MB fusion. Three major phases accompany the MB fusion process: (a) the initial event of adhesive interactions between cells, (b) the recruitment of the actin-polymerization machinery to the membrane and the formation of transient actin-based structures, and (c) the formation of discontinuities and the merging of the apposed membranes (Kim et al., 2015a; Schejter, 2016) . The contribution of the actin-polymerization machinery in mammalian MB fusion has been described using knockout models (Cdc42, Rac1, and N-WASp; Vasyutina et al., 2009; Gruenbaum-Cohen et al., 2012) , but specific actin structures at the site of fusion, including cortical branched-actin and invasive extensions, have been described mainly in Drosophila (Sens et al., 2010; Dhanyasi et al., 2015; Segal et al., 2016) .
Our data provide the first description of discrete actin-based structures whose presence correlates with the fusion capacities of primary vertebrate MBs. Actin-rich protrusions have been previously described in differentiating C2C12 MBs, but there was no evidence of the presence or absence of such structures in fusion-incompetent cells (Shin et al., 2014) . Using live imaging, we show the F-actin remodeling at the cell-cell contact of primary myocytes before fusion. EM analysis allowed us to directly visualize these structures and show that they form finger-like actin-based protrusions that are asymmetrically distributed and are composed of actin filament cables with branched actin networks at their base. These protrusions have the unique feature of crawling underneath the "receiving" cell, making them difficult to visualize by EM techniques that involve sectioning. We propose that these actin-based protrusions are functionally required for efficient fusion, as such structures are disassembled in cells that just fused and are virtually absent in fusion-incompetent Srf mutant cells.
Our results show that the absence of Srf expression leads to the blockade of fusion and the disruption of actin cytoskeleton organization. The major changes in the actin scaffold observed in Srf mutant cell-including less total actin and F-actin, fewer actin cables in the ventral part of the cell, and the absence of protrusion-can be attributed to Mrtf/Srf signaling being a key mediator of the cytoskeletal response to Rho family GT-Pase activation and actin cycling in wild-type cells (Esnault et al., 2014) . Indeed, we showed that in addition to genes encoding actins, several regulators of actin cytoskeleton organization are controlled by Srf (including Abra, Cnn2, Fermt2, FlnA, and Wdr1) , and they all have been identified as direct Srf targets (Wang et al., 2011; Chong et al., 2012; Esnault et al., 2014) . Several of these targets could be implicated in the formation of the actin-based protrusions. For instance, Fermt2 adaptor protein has recently been shown to associate with the Arp2/3 complex and induce Rac1-mediated membrane protrusions in fibroblasts (Böttcher et al., 2017) . In addition, the actin regulator filamin-A has been shown to modulate filopodia formation through Cdc42 GTPase activation in lung carcinoma and melanoma cell lines (Chiang et al., 2017) . Of note, both Rac1 and Cdc42 have been genetically linked to fusion defects in mammals (Vasyutina et al., 2009) .
Remarkably, the overexpression of α-cardiac actin alone in Srf mutant cells restored actin architecture and rescued heterotypic fusion between a control MB/MT and a mutant MB and overcame the need for Srf expression in both fusion partners for efficient fusion, both in vitro and in vivo. In other words, fusion can take place between a control cell and a Srf mutant cell if its F-actin content and the organization of actin into cables are recovered. The possible underlying mechanism for this rescue could be restoration of the mechanical invading force that helps to overcome energy barriers for membrane apposition and drives cell membrane fusion (Kim et al., 2015b) or the appropriate cellular distribution of signaling molecules or contractile protein molecules required for fusion (Tran et al., 2012; Simionescu-Bankston et al., 2015) .
Our study also shows that maintenance of the actin network in Srf-depleted SCs, achieved by the sole overexpression of α-cardiac actin, was not sufficient for the in vitro and in vivo (during muscle regeneration) reestablishment of homotypic fusion between two Srf mutant cells, suggesting that additional Srf targets involved in other cellular processes are required. In Drosophila, the initial invasive activity provided by actin foci triggers a mechanosensitive accumulation of myosin motors in the receiving cell to the site of invasion, which in turn generates cortical stiffness to facilitate fusion (Kim et al., 2015b) . By controlling the expression of Myl9 and Myh9 (Medjkane et al., 2009) , two components of the actomyosin network, Srf could contribute to the maintenance of mechanical tension/rigidity allowing, in concert with actin-based protrusions, productive invasion, and fusion.
The role of SCs in muscle hypertrophy as donors of new nuclei and contributors to muscle growth has been a highly debated issue (Pallafacchina et al., 2013; Blaauw and Reggiani, 2014; Snijders et al., 2015; Gundersen, 2016; Egner et al., 2017; McCarthy et al., 2017) . Using a mouse model of SC ablation, McCarthy et al. (2011) showed that SCs were not required for plantaris muscle growth after overload. Egner et al. (2016) found that overload-induced hypertrophy was prevented in both SC-ablated plantaris and EDL muscles. A recent study suggested that this discrepancy may be attributed to the age of the mice, as young mice (<4 mo old) require SCs to undergo overload-induced myofiber hypertrophy, whereas mature mice (>4 mo old) do not require SCs but display an increased fiber number and size after CH . Our study (performed on 3-mo-old mice) provides new genetic evidence showing that hypertrophy is compromised when SCs are unable to fuse and is in agreement with the requirement of Myomaker, a known mammalian MB fusogen, in muscle hypertrophy (Goh and Millay, 2017) . In vivo overexpression of α-actin in Srf mutant SCs rescued both fusion and overall growth in the overload-induced hypertrophy model, indicating the necessity of SC myonuclear accretion for optimal hypertrophic physiological muscle growth.
Collectively, our study reveals Srf as a key regulator of SC fusion and highlights the crucial role played by actin filaments to drive fusion in vitro and in vivo. Indeed, we report the existence of finger-like actin-based structures at the site of fusion only in fusion-competent mammalian cells. More generally, our data strongly support the requirement of SC-mediated fusion in myofiber hypertrophy.
Materials and methods
Mouse protocols
Srf flox/flox mice are homozygous for Srf floxed alleles harboring LoxP sites flanking exon 2 of endogenous Srf gene (Parlakian et al., 2004) . To investigate the effect of SC-specific Srf deletion in adult muscle, the mouse strain Pax7 CreERT2/+ :Srf flox/flox :Pax7 -nGFP was generated. In all experiments, 3-mo-old Pax7 CreERT2/+ :Srf flox/flox :Pax7 -nGFP mice were given five i.p. injections of TMX (1 mg/d; MP Biomedicals) to induce Srf deletion and were referred to as mutant mice. Both Pax7 +/+ :Srf flox/flox :Pax7 -nGFP mice injected with TMX and noninjected Pax7 CreERT2/+ :Srf flox/flox :Pax7 -nGFP mice were initially used as control mice. However, because all muscle phenotypes investigated were identical between these two controls, uninjected Pax7 CreERT2/+ :Srf flox/flox :Pax7 -nGFP mice were used as control mice (control) in the experiments here. No statistical differences in body weights were observed after TMX in Pax7 CreERT2/+ :Srf flox/flox :Pax7 -nGFP mice.
To assay whether the overexpression of α-actin could rescue some of the outcomes of the Srf loss, we used a transgenic mouse model (CMV-flx-CAT-flx-Actc1) allowing the inducible and conditional overexpression of exogenous rat α-cardiac actin (Actc1) when bred with a Cre driver mouse line. The transgenic construction is composed of β-actin promoter and cytomegalovirus enhancer ensuring the transgene expression. The cDNA of the rat α-cardiac actin (Actc1 Mice were genotyped by PCR using the following primers: Gfp-F, 5′-CGA CGT AAA CGG CCA CAA GTTC-3′; Gfp-R, 5′-GAC GTT GTG GCT GTT GTA GTTG-3′; Cre-F, 5′-CCT GGA AAA TGC TTC TGT CCG-3′; Cre-R, 5′-CAG GGT GTT ATA AGC AAT CCC-3′; ActTg-F, 5′-CGA GGG ACC TAA TAA CTT CG-3′; ActTg-R, 5′-GCC GGA TAA AAC TTG TGC TT-3′; Srflox-F, 5′-TTC GGA ACT GCC GGG CAC TAAA-3′; and Srflox-R, 5′-CTG TAA GGG ATG GAA GCA GA-3′.
CH of plantaris muscles of control, mutant, and Mut/Act + mice was induced through the incapacitation of soleus and gastrocnemius muscles by sectioning their tendon, in both legs. During the process of CH, mutant and Mut/Act + mice were injected with TMX on days 2 and 4 after CH. At the indicated time (1, 3, and 5 wk after CH), plantaris muscles were dissected and processed for histological analyses. When indicated, mice were administered 25 µg/g EdU (Life Technologies).
Muscle tissue injury in control, mutant, and Mut/Act + mice was achieved by a single intramuscular injection of 30 µl of 6 µM CTX (Latoxan) into TA muscle. During the process of regeneration, mutant and Mut/Act + mice were injected with TMX on days 2 and 4 after CTX. Mice were allowed to recover for 30 d, and TA muscles were harvested. All animal experiments were conducted in accordance with the European Guidelines for the Care and Use of Laboratory Animals and were approved by the institutional ethics committee (00315.1).
Single-fiber culture
Individual fibers were isolated from EDL muscles of 2-mo-old control mice. EDL muscles were dissected by handling tendons only. Muscles were digested for 50 min at 35°C in 2 mg/ml collagenase I (Life Technologies) in DMEM/F12. When fibers were loosened, they were liberated using heat-polished glass Pasteur pipettes and selected by viewing under the microscope, and digestion was stopped with 20% FCS. Myofibers and associated SCs were either fixed in 4% PFA immediately after their isolation (quiescent SCs) or kept as nonadherent cultures for 24 h in DMEM, 20% FCS, 10% horse serum, and 1% chicken embryo extract (activated SCs) before fixation in 4% PFA. Myofibers were the stained against Pax7 (1/50; sc-81648; Santa Cruz Biotechnology) and Srf (1/100; sc 13029; Santa Cruz Biotechnology) and with DAPI. At least 30 Pax7 + cells were counted per experiment and in each condition.
Primary muscle cell culture and adenoviral transduction
Primary cultures were derived from hindlimb muscles of control, mutant, and Mut/Act + of 6-to 8-wk-old mice all harboring the Pax7-nGFP transgene that allowed prospective selection of SCs by FACS. The dissection of the muscles was performed with care to take off as much fat and connective tissue as possible. The muscles were minced in DMEM/ F12 supplemented with 2% antibiotic/antimycotic (15240-062; Gibco) in a sterile Petri dish on ice. The minced muscles were digested three times for 25 min at 37°C with 1 mg/ml collagenase D (Roche) and 0.1% Trypsin (15090-046; Gibco), and digestion was stopped by adding FCS (25% final). Cells were filtered through a 70-µm cell strainer and pelleted. Cells were then washed three times in DMEM/F12 and 2% antibiotic/antimycotic, resuspended in 1× PBS without Ca 2+ and Mg 2+ , 2% FCS, and 2% antibiotic/antimycotic, and finally filtered with a 40-µm cell strainer. Pax7/GFP-positive SCs were sorted on FAC SAria III (BD) previously calibrated (fluorescence minus one and use of compensation beads) using the CYB IO Cochin Institute platform. Cells were collected in a FACS tube containing FCS and 2% antibiotic/antimycotic.
In standard conditions, MBs were grown in growth medium (DMEM/F12, 2% Ultroser G [PALL Life Sciences], and 20% FCS) on plastic dishes coated with 0.02% Gelatin. For differentiation, MBs were seeded in Matrigel-coated dishes and cultured in differentiation medium (DMEM/F12 and 2% horse serum).
To induce in culture the excision of the floxed Srf allele, Srf flox/flox MBs were transduced twice with adenoviruses Ad-GFP or Ad-CreGFP (100 MOI). 2 d after the first transduction, GFP + MBs were purified by cell sorting with BD FAC SAria III.
Proliferation assays
To detect S-phase entry, control and mutant SCs were plated immediately after sorting, cultured for 5 d in growth medium, and pulsed with EdU (10 µM; Life Technologies) for 2 h before fixation with 4% PFA. EdU detection was performed using a Click-iT EdU Alexa Fluor 647 kit, according to the manufacturer's instructions (Life Technologies).
For cell cycle analysis, control and mutant MBs were collected, fixed in 70% cold ethanol, washed with PBS, and resuspended in the staining buffer containing 50 µg/ml propidium iodide and 100 µg/ ml RNase (Invitrogen). Cell cycle profiles were acquired using a BD Accuri C6 cytometer (BD Biosciences) and processed with Novo-Express software (ACEA).
Western blot analysis
Cells were lysed directly in 1× Laemmli buffer, and proteins were separated through denaturing SDS-PAGE electrophoresis using Mini-Protean TGX precast gels (Bio-Rad) and transferred to PVDF membrane using the wet method (Bio-Rad). Membranes were blocked with 5% skim milk in TBS-1% Tween (TBST) for 1 h at RT and probed overnight at 4°C with primary antibodies in TBST and 5% BSA. The following antibodies were used: mouse anti-Srf (1/1,000; sc 13029; Santa Cruz Biotechnology), rabbit anti-pan actin (1/750; AAN01-A; Cytoskeleton), and mouse anti-α tubulin (1/4,000; T 6074; Sigma-Aldrich). After washing in TBST, membranes were hybridized with goat anti-mouse and goat anti-rabbit secondary antibodies coupled to HRP (1/10,000; 62-6520 and A27036; Thermo Fisher Scientific). Proteins were revealed using SuperSignal West Femto substrate (Thermo Fisher Scientific).
Quantification of F/G-actin ratio
The ratio of filamentous (F-) to globular (G-) actin was determined using the G-actin/F-actin in vivo assay kit (Cytoskeleton). In brief, MBs were harvested, and lysates were cleared by centrifugation at 500 g for 5 min. Supernatants were centrifuged at 100,000 g for 1 h at 37°C, which resulted in F-actin in the pellet and G-actin in the supernatant. The F-actin-containing pellet was resuspended and solubilized in F-actin depolymerization buffer at a volume equal to that of the G-actin-containing supernatant. Equivalent volumes of supernatant and pellet were resolved by SDS-PAGE and subjected to immunoblot analysis using an anti-pan-actin antibody (Cytoskeleton). The F/G-actin ratio was quantified using FusionCapt Advance software (Vilber Lourmat).
Cell migration assay
Migration of primary mouse muscle cells was quantified using timelapse microscopy. MBs were seeded in gelatin-coated eight-well Ibidi plates and maintained in rich medium. The next day, cells were filmed using an inverted Axio Observer Z1 microscope (Zeiss) with a LCI PlN 10×/0.8 W DIC II objective and an incubation chamber at 37°C and 5% CO 2 . Live cells were monitored every 6 min for 6 h with bright-field and Metamorph 7.7.5 software. Cell velocities were calculated in micrometers per minute using ImageJ (National Institutes of Health) by tracking the paths of cells. At least 150 cells were tracked for each sample.
Live F-actin imaging
Control MBs were cultured in Matrigel-coated eight-well Ibidi plates. After 1 d of differentiation, they were stained with 75 nM SiR-Actin (Tebu-Bio) for 5 h before filming with an inverted Axio Observer Z1 microscope with a EC-PLAN NEO FLU AR 40×/0.75 objective and an incubation chamber at 37°C and 5% CO 2 . Live cells were monitored every 10 min for 16 h with bright-field and Cy5 filter using Metamorph v.7.7.5.
Cell mixing fusion assays
To analyze heterotypic fusion between MBs, control or mutant MBs were loaded with 6 µM Orange Cell Tracker (Molecular Probes) for 30 min and co-cultured with control, mutant, or Mut/Act + MBs loaded with 6 µM Deep Red Cell Tracker (Molecular Probes) for 30 min in differentiation medium. For heterotypic fusion between MT control and MB, control MTs at day 2 of differentiation were loaded with Orange Cell Tracker and co-cultured with control, mutant, or Mut/Act + MBs loaded with Deep Red Cell Tracker. 2 d after cell mixing, fusion events were scored by counting the dual-labeled cells. The number of fusion events was normalized by the total number of nuclei for MB-MB fusion and the total number of cells for MT-MB fusion.
Muscle section and cell immunostaining
Plantaris and TA muscles were collected and snap-frozen in liquid nitrogen-cooled isopentane. 8-μm-thick muscle sections were fixed in 4% PFA for 8 min at RT and blocked overnight at 4°C in PBS 1×, 10% horse serum, and 0.5% Triton X-100, then incubated with primary antibodies overnight at 4°C in PBS 1×, 10% horse serum, and 0.5% Triton X-100. The following primary antibodies were used: mouse anti-dystrophin (1/50; NCL-Dys2; Novocastra), rabbit anti-laminin (L9393, 1/200; Sigma-Aldrich), and rabbit anti-myogenin (1/100; sc-576; Santa Cruz Biotechnology). After washes in PBS 1×, sections were incubated with secondary antibodies for 1 h at RT. The following secondary antibodies were used: goat anti-mouse IgG1 Alexa Fluor 488 (1/1,000; A21121; Thermo Fisher Scientific) and donkey anti-rabbit Alexa Fluor 546 (1/1,000; A10040; Life Technologies). Nucleus staining was performed using DAPI. Muscle sections were then mounted in Dako Fluorescence Mounting Medium and kept at 4°C until image acquisition.
For Pax7 staining, muscle sections were fixed in 4% PFA for 8 min at RT and permeabilized in ice-cold methanol for 6 min. Muscle sections were treated with Antigen Unmaking Solution, pH 6.0 (H-3300; Vector Laboratories) for 15 min at 95°C and cooled on ice for 30 min. Blocking and incubation with primary and secondary antibodies were conducted as described in the preceding paragraph. Primary mouse anti-Pax7 antibody (sc-81648; Santa Cruz Biotechnology) was used at dilution 1/50. EdU detection was performed using Click-iT EdU Alexa Fluor 647 kit, according to the manufacturer's instructions (Life Technologies).
Muscle cells cultured in dishes were fixed for 8 min in 4% PFA and then permeabilized and blocked in PBS with 0.1% Triton X-100 and 5% horse serum for 1 h at RT. Cells were incubated overnight at 4°C with the following primary antibodies: mouse anti-MyoD (1/100; SC-760; Santa Cruz Biotechnology), rabbit anti-myogenin (1/100; sc-576; Santa Cruz Biotechnology), mouse anti-MHC embryonic (1/50; MF20; Alexis Biochemical), and rabbit anti-phospho histone H3 (1/500; 3377; Cell Signaling Technology) diluted in the same buffer. After incubation for 1 h at RT with fluorescent secondary antibodies anti-mouse IgG1 Alexa 488 (1/1,000; A21121) and donkey anti-rabbit Alexa Fluor 546 (1/1,000; A10040; Life Technologies), cells were stained with DAPI (for nuclei) and phalloidin Alexa Fluor 488 (1/500; Thermo Fisher Scientific; for F-actin) and mounted in Fluorescent Mounting Medium (Dako).
Morphometric analysis and phalloidin quantification
Myofiber CSA was analyzed by using immunostaining of dystrophin, marking myofiber sarcolemma, and then using ImageJ. 600-800 myofibers were analyzed. For the quantification of the number of nuclei per myofiber, at least 500 myofibers were counted. Phalloidin signal intensity per cell was quantified using ImageJ. At least 150 cells were analyzed.
Image acquisition
Digital images were acquired using an Olympus BX63F microscope with 10× objective (UplanFL, numerical aperture 0.3) and 20× objective (UPL SAPO, 0.75), ORCA-Flash4.0 LT C11440-42U camera (Hamamatsu); an Axiovert 200M microscope (Zeiss) with 5× objective (PLA NFL UAR, 0.25) and 20× objective (LD PLA NNE OFL UAR, 0.4), cooled CCD CoolSNAP-HQ 2 camera (Photometrics); or a Spinning Disk Leica confocal microscope with a 100× oil-immersion objective (HCX PL APO, 1.47), cooled CCD CoolSNAP-HQ 2 camera (Photometrics) and Metamorph v.7.7.5 (Molecular Devices). Images were composed and edited in ImageJ. Background was reduced using brightness and contrast adjustments applied to the whole image.
Electron microscopy of unroofed cells
Adherent adult SCs were either cultured exclusively in proliferation medium or switched to fusion medium for 24 h before they were disrupted by sonication as described previously (Heuser, 2000) . Glutaraldehyde/PFA-fixed cell cortices were further sequentially treated with OsO 4 , tannic acid, and uranyl acetate before dehydration and hexamethyldisilazane drying (Sigma-Aldrich). Dried samples were then rotary-shadowed with platinum and carbon with a high vacuum metal coater (Leica). Platinum replicas were floated off the glass by flotation on hydrofluoric acid, washed several times in distilled water, and picked up on formvar/carbon-coated electromagnetic grids. The grids were mounted in a eucentric side-entry goniometer stage of a transmission electron microscope operated at 80 kV (model CM120; Philips), and images were recorded with a Morada digital camera (Olympus). Images were processed in Adobe Photoshop to adjust brightness and contrast and presented in inverted contrast. Anaglyphs were made by converting the −10° tilt image to red and the 10° tilt image to cyan (blue/green), layering them on top of each other using the screen blending mode in Adobe Photoshop, and aligning them to each other.
Statistical analysis
Quantitative datasets were analyzed using unpaired nonparametric Mann-Whitney test (Fig. 2, C and D; Fig. 3 E; Fig. 4 , C, D, and F; and Fig. S1 , C-E), unpaired t test (Figs. 2 E and S1 H), one-way ANO VA with Bonferroni's multiple comparisons test ( Fig. 4 E; Fig. 6, B , D, and F; Fig. 8 , B-D and F; and Fig. S4 , C and F), or two-way ANO VA with Bonferroni's multiple comparisons test (all other datasets) using GraphPad Prism 6 software. Statistical significance was set at P < 0.05.
Online supplemental material
Fig. S1 describes the validation of the genetic model used and the efficient loss of Srf in SCs. In addition, the phenotype of Srf-deleted SC (unaffected proliferation and differentiation and impaired motility) was confirmed by deleting Srf ex vivo using Ad-Cre transduction of Srfflox/ flox MBs. Fig. S2 illustrates an alternative method to monitor the fusion defect of Srf mutant SCs in vivo. In search for the genes whose altered expression could participate in Srf mutant SC fusion defect, we quantified the expression of several genes encoding actin isoforms and regulators of actin cytoskeleton in a model of ex vivo Srf deletion (Ad-Cre transduction of Srfflox/flox MBs). Fig. S3 , Video 1 (bright field), and Video 2 (Sir-Actin) show F-actin reorganization upon fusion by F-actin live imaging. Additional EM images of unroofed cells are represented. Fig. S4 describes the genetic model allowing the concomitant loss of Srf and Actc1 overexpression in SCs and the impact of Actc1 overexpression on Srf mutant MB motility and differentiation. Fig. S5 depicts the regeneration process (myofiber number and SC number) in Srf mutant muscles. Table S1 is a list of the genes whose expressions in muscle cells depend on Srf.
